INTRODUCTION

M
itochondria produce the bulk of cellular energy in eukaryotic cells. The maintenance of mitochondrial function is crucial for cell survival, especially in highly energy-demanding tissues. Because mitochondrial DNA (mtDNA) encodes components of the respiratory complexes I, III, IV, and V in the oxidative phosphorylation pathway, the integrity of mtDNA is critical for efficient energy production (1) . The faithful inheritance of mtDNA demands an incredible amount of cellular resources. A large cohort of proteins is required for mtDNA organization, replication, repair, transmission, and other transactions. These proteins are all encoded by the nuclear genome and are imported into mitochondria after their synthesis by the cytosolic ribosome.
mtDNA is organized as protein-DNA complexes, known as mitochondrial nucleoids (mt-nucleoids) (2) (3) (4) (5) . Each mitochondrion harbors 2 or 3 nucleoids which are associated with the mitochondrial inner membrane (6) (7) (8) (9) . mtDNA has a much higher mutation rate than the nuclear genome (10, 11) . The constant attack by reactive oxygen species produced in close proximity of the inner membrane and the inherent error-prone feature of the mtDNA replisome are held to be largely responsible for the high mutation rate in mtDNA (12) . Progressive accumulation of mtDNA mutations has been proposed to contribute to aging (13, 14) . This idea is supported by studies showing that transgenic animals with increased mtDNA mutations exhibit premature-aging phenotypes (15, 16) .
Much less is known about how damaged DNA is repaired in mitochondria than about how it is repaired in the nucleus. So far, base excision and mismatch repair activities have been documented in the organelle (17) (18) (19) (20) (21) (22) . These are specific mechanisms for fixing the base lesions and DNA mismatches, respectively. However, the most dramatic damage to the mitochondrial genome is probably the deletion of mtDNA, which occurs frequently in aged and oxyradical-rich tissues such as brain, heart, and skeletal muscle (23) (24) (25) (26) . Although the overall abundance of the mtDNA deletions is low in many aged tissues, there is experimental evidence indicating that large-scale deletions in some cell types can attain a level sufficiently high to directly affect oxidative phosphorylation. Single-cell studies have shown that deletions can occur in ϳ32 to 80% of mtDNA molecules in substantia nigra neurons of brains from patients with Parkinson's disease (26) (27) (28) . Extensive deletions are also seen in these neuronal cells from normally aged people. Such high levels of mtDNA deletions directly cause a cytochrome c oxidase (or complex IV) defect and respiratory deficiency in these cells.
How do the mtDNA deletions arise in aged cells? It has previously been proposed that they may be generated by replicative slippage over repeated sequences that are scattered over the mitochondrial genome (29) . A newly emerging model instead posits that mtDNA deletions may be produced during the repair of double-strand breaks (DSBs) by recombination-based processes (30) . The latter hypothesis is supported by abundant evidence. However, the actual mechanism of DNA recombination in mitochondria is poorly understood.
Homologous recombination (HR) is one of the most important DSB repair pathways in organisms ranging from bacteriophage to human (31) . This mechanism is also critical for the repair of interstrand cross-links and the reinitiation of DNA replication from collapsed replication forks (32) . Is this almost universal DNA repair mechanism also present in mitochondria for the repair and maintenance of the mitochondrial genome? In this article, I first provide a brief summary of experimental data accumulated in the last 4 decades that document homologous recombination in mitochondria of fungal and lower-animal cells. Much discussion is focused on evidence that supports or rejects the existence of mtDNA recombination in mitochondria of higher animals. I then review recent progress in the molecular dissection of the mitochondrial HR machineries and the possible implications of recombinational errors for the generation of mtDNA deletions in aged cells.
mtDNA RECOMBINATION IN YEAST AND ANIMALS
A prerequisite for homologous recombination to occur is the availability of a wild-type DNA template in the vicinity of the broken DNA molecule, which is required for informational retrieval. In the nucleus, this requirement is met when cells enter into the S and G 2 phases with the sister chromatids fully replicated. The organization of mtDNA provides a natural genetic setting in favor of homologous recombination. Electron and superresolution fluorescence microscopies have revealed that each mitochondrion harbors numerous mt-nucleoids and each nucleoid contains multiple copies of mtDNA (4, (33) (34) (35) . mt-nucleoids could therefore serve as an organizational scaffold for intranucleoidal recombination, provided that molecular machinery for recombination is in place.
mtDNA Recombination in Yeast
Genetic evidence. The transmission of mtDNA is generally biparental in the model organism Saccharomyces cerevisiae. When the diploid zygotic cells are formed from two haploid strains, the parental mtDNAs are rapidly mixed and randomly transmitted into the progeny. This property has provided a powerful tool to document some early evidence for mtDNA recombination (36, 37) . By crossing haploid strains carrying deleted ( Ϫ ) forms of the mitochondrial genome with different buoyant densities or restriction maps, the progeny were found to have mtDNA with characteristics of both parents, which is indicative of recombination. Direct genetic evidence for mtDNA recombination was demonstrated when antibiotic-resistant genetic markers on mtDNA became available (38, 39) . Analyses of zygotic colonies derived from crosses between chloramphenicol and erythromycin resistance markers located in different regions of mtDNA demonstrated the stable transmission of both parental and recombinant genotypes. In general, the frequency of recombinants between two unlinked markers in yeast mtDNA can reach as high as 20 to 25% (37) . This indicates that extensive pairing and recombination events occur between the parental mtDNAs during zygote formation.
mtDNA recombination is not limited as an intermolecular event (37, 40) . Subgenomic recombinations also take place at short and direct sequence repeats, a pattern consistent with the involvement of a recombination-excision mechanism. These events underlie the frequent generation of respiration-deficient petite mutants in S. cerevisiae, which stably transmits the extensively deleted Ϫ genomes (41) (42) (43) . Similar repeat-mediated recombination events were seen in Neurospora crassa, which are manifested by the generation of plasmid-like supercoiled subgenomic circles in mitochondria (44) . These subgenomic circles coexist with the wild-type genome, as large mtDNA deletions are not compatible with cell viability in the petite-negative Neurospora species. For a long time, a lack of efficient recombination machinery was thought to partly account for the inability of the petite-negative yeasts to generate Ϫ genomes. Studies in Kluyveromyces lactis have shown that these cells are capable of generating Ϫ genomes like S. cerevisiae, provided that specific nuclear mutations that suppress cell lethality caused by the loss of mtDNA-encoded functions are present (45) (46) (47) (48) . Thus, recombination is rather an inherent property of the mitochondrial genetic system in yeast and other fungal species. The ability of yeast mtDNA to recombine was strongly supported by the observation that exogenously added DNA can be integrated into the mitochondrial genome after delivery by microprojectile bombardment (49) , a procedure that is now commonly used for mitochondrial transformation (50) .
Molecular evidence. One of the landmarks in the study of mtDNA recombination was the revelation of Holliday junctions in mtDNA and the presence of junction-processing enzymes in mitochondria. The hypersuppressive Ϫ genomes, which contain repeated ori/rep sequences, have a highly penetrative transmission in crosses against the wild-type ( ϩ ) cells. The Fangman group identified the nuclear mgt1/cce1 mutation that affects the biased transmission of hypersuppressive Ϫ mtDNA (51, 52) . The MTG1/CCE1 gene encodes a Holliday junction resolvase specifically localized in mitochondria (53, 54) . Disruption of MTG1/ CCE1 causes extensive physical linkage between mtDNA molecules and the formation of giant mt-nucleoids. This in turn reduces the number of heritable units and therefore the transmission and hypersuppressiveness of the Ϫ genomes. Remarkably, in the mtg1/cce1 mutant, DNA fragments indicative of the X-shaped cross-links can be directly detected on an agarose gel after releasing from the highly repeated Ϫ genomes by digestion with restriction enzymes. The presence of branched mtDNA structures representing recombination intermediates can also be visualized in the wild-type mitochondrial genome using two-dimensional agarose gel electrophoresis (51, 55) . The detection of these recombination intermediates provided unequivocal molecular evidence for the presence of active recombination in yeast mtDNA. Similar recombination intermediates have been recently reported in Drosophila melanogaster mitochondria (56) .
mtDNA Recombination in Mammals
The no-recombination rule. In animals whose males naturally inherit mtDNAs from both parents, such as those in the bivalve families, the occurrence of frequent recombinations has been unambiguously documented (57, 58) . However, it has long been debated whether or not homologous recombination takes place in higher animals (59, 60) . In these animals, mtDNA is maternally inherited, which presents a tremendous burden for detecting recombination. Based on extensive phylogeographical studies on natural populations, there seems to be little direct support for recombination between polymorphic mtDNA molecules (61) (62) (63) (64) (65) . This has led to the general belief that animal mtDNA does not recombine. This assumption is ostensibly logical, as the maternal inheritance of mtDNA may spare the need for recombination, whose main role is expected to be to mix genetic information from different lineages and to gain a selection advantage during evolution. However, the question has persisted as to whether rare recombination events in these species occur but are masked by factors that impede their detection. A critical challenge is that maternally inherited mtDNA is generally homoplasmic and recombination between homologous molecules gives rise to recombinants which logistically cannot be distinguished from the parental molecules. Maternal inheritance also gives little chance for polymorphic mtDNAs to mix and possibly recombine in the natural populations. Furthermore, somatic cells, which are routinely used for detecting recombination, contain up to several thousand copies of mtDNA. The frequency of recombination between potential heterologous molecules that result from newly arising mutations or from rare leakage of heterologous paternal mtDNAs (see below) may be too low to be detected by standard technologies (for a review, see reference 60).
Evidence supporting recombination in mammalian mtDNA. Despite the fact that the no-recombination rule for animal mtDNA holds up fairly well, increasing exceptions violating this rule have emerged in the last decade. There are generally two ways to describe mtDNA recombination events. Past recombinations are detected by comparing the pattern of sequence variations among individuals in a population, whereas real-time recombinations report the novel sequence patterns in the progeny that can be directly compared with those in their parents. Numerous polymorphism analyses for past recombination have provided evidence supporting widespread mitochondrial recombination across the animal kingdom (66) (67) (68) , although some skepticism has been expressed about the power of this type of analysis (63, 65, 69) . Data strongly supporting past recombination events have come from the analyses of mtDNA in lizard and salmon populations. These recombination events result from the interbreeding of divergent populations, which may have increased paternal mtDNA leakage, thereby generating a heteroplasmic state for intermolecular recombination (70, 71) . Paternal mtDNA leakageinduced mtDNA recombination has also been reported in nematodes (72) . In contrast, in natural populations of Drosophila melanogaster, paternal mtDNA leakage can attain a level of 6%, yet recombinant haplotypes remains undetectable, suggesting that combination either is too rare to be detected or is counterselected (73) .
Paternal mtDNA leakage also facilitated the capture of realtime recombination events in humans. Kraytsberg et al. defined unequivocal human mtDNA recombination products in an individual with an unusual transmission leakage of the paternal mtDNA. The paternal mtDNA leakage likely resulted from the incomplete elimination of paternal mitochondria in early embryogenesis (74, 75) . In this remarkable circumstance, mtDNA recombination appears to be rather common in the skeletal muscle (76) . It was proposed that the recombination products may arise from a stalled replication fork (75) . This generates a recombinogenic 3= end that invades a neighboring mtDNA and initiates recombination by means of a putative recombinase activity. Based on these data, there seems to be no natural barrier that impedes mtDNA recombination even in humans, provided that sufficient heterologous mtDNA molecules are allowed to mix in vivo.
The analysis of deleted human mtDNAs that cause mitochondrial diseases has revealed the frequent presence of direct repeats that flank the edges of the deletion points, which suggests the involvement of recombination events (77) . In the 1960s and 1970s, several groups used electron microscopy to study the structural organization of mtDNA in leucocytes. They found that a large fraction of mitochondrial DNA from cases of acute leukemia and leukemic-phase poorly differentiated lymphocytic lymphoma is present in dimeric or multiple interlocked circular forms (78) (79) (80) . The leukemic patients were not subjected to chemotherapy. This provided the first evidence for the multimerization property of the human mitochondrial genome. Subsequent studies by others revealed dimeric and trimeric mtDNAs in cultured human cell lines (81, 82) . The generation and subsequent monomerization of these molecular species were proposed to result from homologous recombination.
Cell line and transgenic animal models provided further support for the existence of recombination in human and mouse mtDNAs. Recombinant genotypes containing mitochondrial genes from different cells can be detected when the parental cells are forced to fuse (83) . In a different experimental strategy, Bacman et al. expressed a mitochondrially targeted restriction endonuclease to introduce multiple DSBs in cultured cells. Following the induction of mtDNA breakage, intramolecular recombinations were frequently detected (84) . Intermolecular recombination was also identified, but at a much lower frequency. Fan et al. recently traced multiple mutations in the mtDNA of mouse L cell lines. The data suggested that a recombination-based reassort-ment of mutant alleles can generate recombinant mtDNA haplotypes with a proliferative advantage after a long-term maintenance of heteroplasmy (85) . In a mouse model in which the restriction endonuclease is specifically expressed in neuronal cells (236) , the breakage of mtDNA is followed by the formation of mtDNA deletions. Analysis of these deletion products revealed that the recombinations take place at sites with or without the presence of direct repeated sequences. This suggests that in addition to homologous recombination, other mechanisms such as homeologous recombination or even nonhomologous end joining may also be involved.
In the last few years, recombination intermediates in human mtDNA were directly visualized. By using two-dimensional agarose gel electrophoresis, an early report showed that molecular species suggestive of Holliday junctions exist in the human heart mtDNA (86) . This observation has now been further corroborated by transmission electron microscopy (87) . In contrast to the conventional paradigm, heart mtDNA was found to have a complex organization with abundant dimeric and oligomeric molecules, branched structures, and prominent four-and three-way junctions. These molecular species are detected only in human heart and human and mouse brains and not in other tissues examined (87) . This finding suggests an active homologous recombination in the oxyradical-rich heart and brain mitochondria. The various mtDNA conformers remarkably resemble those observed in yeast (88) (89) (90) and in leukemic leukocytes as previously reported by Firkin and Clark-Walker (78) .
The dramatic observation of recombination intermediates in adult human heart and brain mtDNA reaffirms the notion that recombination does occur in higher animals but is highly tissue specific. In most cell types the recombination events may be negligible or be too scarce to be molecularly detected. In this regard, it is important to note that recombination is required primarily for DNA repair. If double-strand DNA breaks occur as relatively rare events, recombination would have to be kept low. Limiting unnecessary recombination is important for preventing recombination errors that are detrimental for genome stability (see below).
GENES AFFECTING mtDNA RECOMBINATION
A critical challenge in the study of mtDNA recombination is to identify the molecular components promoting the recombinational reaction. A canonical recombination pathway in the eukaryotic nucleus and in bacteria (Fig. 1) involves many proteins. The most critical ones include exonucleases that process the double-stranded DNA (dsDNA) ends, single-stranded DNA binding proteins (SSBs) required for the stabilization of the resulting 3= single-stranded DNA (ssDNA) tails, a Rad52-type recombination mediator for recombinase recruitment, and the Rad51/RecA-type recombinases that directly promote dsDNA remodeling and homologous pairing. Following strand invasion, DNA synthesis, and ligation, the Holliday junctions are formed, which are finally resolved by specific endonucleases (31, 91, 92) . Among these proteins, only SSB has been clearly identified in mitochondria. The mitochondrial SSB has a prokaryotic origin and exists in a homotetramer form in both yeast and human (93) (94) (95) (96) . Yeast mitochondria also harbor the well-defined Holliday junction resolvase Mgt1/Cce1 (see above). Several other proteins that have been identified to affect mtDNA recombination are listed in Table 1 .
DNA Helicases
Foury and Kolodynski devised a genetic screen in yeast for nuclear mutations that affect mtDNA recombination (97) . In this system, a tandemly repeated Ϫ genome carrying the oligomycin resis-
FIG 1
Simplified schematic of the early steps in a canonical homologous recombination pathway in the eukaryotic nucleus and in bacteria. Upon DNA damage, the free ends of a DSB are first processed by an exonuclease. The exposed 3= ssDNA tails are coated by single-strand DNA binding proteins (SSBs) to prevent the formation of secondary structures. The recombination mediator, Rad52 (or RecO in bacteria), then displaces SSB and recruits the Rad51/RecA-type recombinase to form presynaptic helical nucleoprotein filaments. These filaments then initiate homology search and catalyze ATP-dependent strand invasion within duplex DNA templates. The invading strand provides a free 3= end for priming DNA replication that allows the restoration of genetic information missing from the dsDNA breaks. The Rad52 protein has a second function in this pathway, which is to capture the second end through its single-strand annealing activity. After DNA synthesis and ligation, double Holliday junctions are formed. The Holliday junctions can be resolved by different molecular strategies with or without DNA strand crossover. Without the capturing of the second end by Rad52, the invading strand may be dissociated from the D-loop and reannealed to the ssDNA on the second end, a process known as synthesis-dependent strand annealing (not shown).
tance marker can be efficiently integrated into a ϩ DNA by recombination. This gives rise to drug-resistant colonies on plates containing a nonfermentable carbon source. It was found that mutations in a nuclear locus named PIF1 (petite integration frequency 1) specifically affect the integration of the Ϫ mtDNA into the ϩ genome. The mtDNA in the pif1 mutants is hypersensitive to UV light, suggesting a defect in mtDNA repair. The PIF1 gene encodes a 5= ¡ 3= DNA helicase that unwinds DNA duplexes (98, 99) . DNA helicases are known to participate in various stages of homologous recombination, which include double-strand DNA end resection, nucleoprotein filament stabilization, regulation of crossover formation, and the branch migration in Holliday junctions (92, 100, 101) . Foury and coworkers discovered two classes of Ϫ mtDNAs which are dependent or independent of Pif1 for recombining with ϩ mtDNAs (102). Pif1-dependent Ϫ mtDNAs normally have high recombination frequencies in Ϫ ϫ ϩ crosses, and recombination is drastically reduced in pif1 mutants. These Ϫ mtDNAs contain a dyad symmetry capable of forming cruciform structures. These secondary structures, apparently promoted or stabilized by Pif1, may stimulate recombination. As Pif1 preferentially unwinds forked DNA-DNA substrates, it is possible that the processing of the cruciform structures by Pif1 generates single-stranded regions that favor strand invasion/ annealing and recombination. In contrast, Pif1-independent Ϫ mtDNAs are characterized by the presence of inverted repeats. The repeated units may form large palindromic structures that promote recombination independent of Pif1.
Yeast pif1 mutants are respiratory deficient at the nonpermissive temperature. This phenotype is suppressed by overexpressing the mitochondrial single-strand binding protein Rim1 (93) . Mitochondrial SSB is known to stimulate DNA helicase activity (96) . Indeed, Rim1 stimulates Pif1 activity by 4-to 5-fold, and these two proteins physically interact with each other (103) . In the absence of a functional Pif1 helicase, the suppression of the respirationdeficient phenotype by Rim1 also suggests that the latter may stimulate the activity of a second DNA helicase that functionally overlaps with Pif1. In fact, yeast mitochondria express a second DNA helicase activity encoded by the HMI1 gene (104) . A defect in the Hmi1 function leads to mtDNA fragmentation, suggesting that it has a role in mtDNA repair (105) . HMI1 is required for the maintenance of the ϩ but not the highly repeated Ϫ genomes (105-107), like other recombination genes, including MHR1 and MGM101 (see below). Hmi1 functionally overlaps with the Pif1 helicase with regard to the maintenance of some Ϫ genomes (106) . One report showed that the helicase activity of Hmi1 is not essential for its mtDNA maintenance function (108) . The nature of this cryptic function remains unsettled. Biochemical analysis has shown that Hmi1 unwinds dsDNA with 3=-ssDNA overhangs. It efficiently unwinds forked DNA such as the flaps resembling the chain displacement structures generated by the recombination process (104) . This further supports the idea that Hmi1 plays a role in mtDNA recombination.
Multiple DNA helicases have been detected in human mitochondria, including Twinkle, Dna2, and Pif1 (109) . The Twinkle helicase is a key component of the mtDNA replisome whose mutation causes multiple deletions in mtDNA (110) . Twinkle is specifically targeted into the mt-nucleoids. Interestingly, overexpression of the mouse Twinkle helicase increases Holliday junctions in heart mtDNA (87) , suggesting that it may also play a role in recombination. Dna2 is a nuclease/helicase present in mitochondria to process flap intermediates during DNA replication and base excision repair (19, 111) . Human cells also express a variant of the Pif1 helicase in mitochondria known as Pif1␤, in addition to a nuclear version derived from a splicing variant (112) . This protein is poorly characterized, and it is unclear whether it plays a role in recombination like its counterpart in yeast mitochondria.
Abf2 and TFAM
By using the microprojectile bombardment approach, Sia and coworkers developed an elegant genetic assay for measuring the frequency of repeat-mediated mtDNA recombination in yeast (113) . In this scheme, expression of the mitochondrial COX2 gene, which encodes the subunit 2 of cytochrome c oxidase, is interrupted by the insertion of ARG8 m (114) . ARG8 m is flanked by directly repeated sequences. Recombination between the repeats results in the deletion of ARG8 m and the restoration of COX2 expression, which can be readily scored by the formation of respiration-competent colonies. Using this system, they found that mutations in the nuclear ABF2 gene increased repeat-mediated (115) . Abf2 is a high-mobility-group like protein involved in mtDNA packaging and the protection of mtDNA against oxidative damage (116) (117) (118) (119) . The loss of Abf2 may enhance accessibility of mtDNA for homology search and therefore homologous recombination. Abf2 inactivation may also increase double-strand breaks and therefore recombination frequency, due to increased oxidative damage to mtDNA (120) . An early study showed that Abf2 stabilizes recombination intermediates and that overexpression of Abf2 increases the Holliday junctions (55) . A decrease of mtDNA recombination intermediates was confirmed in Candida albicans disrupted in the GCF1 gene, encoding an Abf2 homolog (121) . The binding by Abf2 may suppress the processing of recombination intermediates. Likewise, the mouse homolog of Abf2, TFAM, also stabilizes the Holliday junctions in heart mtDNA (87) . TFAM is known to bind four-way DNA junctions (122) .
Exonucleases
Using the recombination reporter system developed by the Sia group, it was also found that loss of the MRX complex decreases repeat-mediated recombination by 4.5-fold (123) . The MRX complex is composed of Mre11, Rad50, and Xrs2. It defines an exonuclease activity required for resecting DSB ends and to generate the recombinogenic 3= single-stranded DNA in the nucleus (100). This complex also seems to affect DNA repair in mitochondria. Loss of the MRX complex does not affect mtDNA stability under physiological conditions. It remains unknown whether this protein complex is required for mtDNA repair under DNA-damaging conditions. Alternatively, it is possible that a second exonuclease activity that functionally overlaps with MRX is present in mitochondria. Yeast mitochondria harbor a robust endo/exonuclease known as Nuc1 (124), a homolog of the mammalian EndoG. Nuc1 possesses a 5=-exonuclease activity on dsDNA substrates (125) . Disruption of NUC1 reduces recombination between linked mtDNA markers and decreases the frequency of gene conversion in the mitochondrial genome (126) . However, loss of the Nuc1 function, like that of the MRX complex, has little effect on mitochondrial function, suggesting that its role in mtDNA maintenance is rather limited. Much attention has recently been focused on the study of the Din7 protein. Din7 shares sequence homology with several exonucleases, including the Schizosaccharomyces pombe ExoI protein.
Despite the facts that Din7 is specifically targeted into mitochondria and that its expression is induced by DNA-damaging agents (127, 128) , disruption of the DIN7 gene has little effect on mtDNA stability. It has been shown that overexpression of Din7 destabilizes poly(GT) in mtDNA and enhances gross rearrangements in mtDNA, presumably due to enhanced recombination (129) . The Sia group has shown that loss of the Din7 function does not significantly affect repeat-mediated mtDNA deletions, but it synergizes with the G776D allele of MSH1 (see below) to increase this particular recombination-based process (130) . This observation seems to support a role of Din7 in suppressing rather than promoting this type of recombination. No recombinant Din7 has been successfully prepared so far. Ling and coworkers have recently demonstrated that mitochondrial extracts overexpressing Din7 have increased 5=-exodeoxyribonuclease activity in an in vitro assay using dsDNA as a substrate (131) . It was further shown that loss of Din7 function leads to the overaccumulation of dsDNA breaks in mtDNA and to a defect in increasing mtDNA copy number in response to oxidative stress. Increased expression of Din7 appears to enhance homologous recombination in the Endo.SceI-induced polarized recombination assay. These data support a potential role of Din7 in generating 3=-ssDNA tails for initiating recombinational repair of dsDNA breaks. Again, given that the key recombination proteins such as Mhr1 and Mgm101 (see below) are essential for mtDNA maintenance, it remains unexplained why disruption of DIN7 has little effect on mtDNA stability if its primary role is to promote recombination. Currently, it may be premature to conclude that Din7 is the major exonuclease that promotes the resection of dsDNA ends prior to recombination.
A 5= DNA exonuclease activity, defined by the EXO5 gene, has been recently identified in yeast mitochondria (132, 133) . EXO5 is essential for the maintenance of ϩ but not the ori-containing hypersuppressive Ϫ genomes. This property is reminiscent of other mutations affecting mtDNA recombination proteins such as mhr1 and mgm101 (see below). Exo5 is distantly related to the bacterial RecB, a subunit of the RecBCD enzyme involved in ds-DNA end processing and HR. However, Exo5 seems to specifically degrade ssDNA and does not process double-stranded DNA ends. One possible scenario for a potential role in recombination is that a 3=-5= helicase (e.g., Hmi1) is first recruited to generate a singlestranded 5=-ended substrate, which is subsequently degraded by Exo5. Such a helicase/exonuclease partnership in dsDNA end processing in mitochondria is yet to be proved. The human MGME1 protein was recently identified to have an ssDNA-specific 5=-3= exonuclease activity like the yeast Exo5 (134) . MGME1 is proposed to play a role in processing DNA flap substrates during mtDNA replication and repair. Mutations in MGME1 cause multisystemic mitochondrial disease manifested by mtDNA depletion and multiple deletions.
Msh1
Msh1 is homologous to the bacterial mismatch repair protein MutS. It specifically localizes to mitochondria and is essential for mtDNA maintenance in yeast (135, 136) . There is so far no clear evidence for the involvement of Msh1 in mismatch repair in mitochondria, although overexpression of MSH1 appears to have an antimutator phenotype (137) . Moderate overexpression of MSH1 seems to stimulate homologous recombination (138) . The mechanism for this effect remains unknown. Specific mutations in Msh1 predicted to affect mismatch repair activity appear to retain mitochondrial respiration, suggesting that this protein may have an additional function (139) . The exact nature of this novel function is not well understood. In bacteria, MutS plays a role in recombination editing, an activity for heteroduplex rejection and the inhibition of recombination between mismatched substrates (140) . This may also be true for its mitochondrial counterpart. Disruption of the MSH1 gene in yeast increases repeat-mediated recombination by 50-to 170-fold (130) . The MutS homolog in plant mitochondria has been clearly demonstrated to contribute to recombination surveillance, and its disruption results in enhanced mitochondrial genome recombination at numerous repeated sequences (141) . In lower animals such as corals, MutS is encoded by mtDNA (142) . This highlights the importance of maintaining such an activity in mitochondria during evolution. In human mitochondria, the presence of Msh5, which is normally targeted to the nucleus for mismatch repair in the form of the Msh4-Msh5 heterodimeric complex, has been recently reported (143) . Interestingly, another recent study has demonstrated that human mitochondria have a robust mismatch repair activity which is independent of the classic mismatch repair enzymes (22) . Instead, the mitochondrial mismatch binding and repair activities may involve the Y-box binding protein 1 (YB-1). This is in line with the assumption that the MutS homologs in mitochondria may carry out functions other than the conventional mismatch repair. A comprehensive functional characterization of these proteins is required in the future, given the critical role of these proteins in the maintenance of mtDNA stability.
Mhr1
Mhr1 and gene conversion in mtDNA. Extensive studies of the core molecular machinery for mtDNA recombination have come from the Ling and Shibata group. These investigators screened for nuclear mutations in yeast that sensitize mtDNA to UV irradiation (144) . A recessive mutation termed mhr1 (for mitochondrial homologous recombination) was identified. The mhr1-1 allele reduces the highly polarized homing of the intron from 98.2% in the wild-type cells to 37.8% in crosses involving two mhr1-1 parents. The homing of the intron occurs by a site-specific gene conversion mechanism, following a DSB introduced by the intron-encoded Endo.SceI endonuclease. The mhr1-1 mutation has only a slight effect on intergenic recombination between two antibiotic resistance markers, which is dependent on crossing over. It appears that MHR1 has a specific role in homologous gene conversion and that homologous crossing over instigated by other double-strand breaks may be dependent on an additional recombination pathway. This explanation is consistent with the observation that mtDNA loss in the mgt1/cce1 mutant is accelerated in the mhr1-1 background (145). Mgt1/Cce1 is a Holliday junction resolvase, and its inactivation results in the overaccumulation of Holliday junctions, mtDNA clustering, and, ultimately, reduced transmission efficiency (see above). If Mhr1 is involved in the classic homologous crossover, it would be expected that a partial defect in Mhr1 should reduce cross-links between mtDNA molecules, which in turn improves transmission and increases the stability of mtDNA in the mgt1/cce1 background. This turned out to not be the case.
Biochemical properties. MHR1 encodes a DNA binding protein of 27 kDa in the mitochondrial matrix that lacks sequence similarity to any known recombinases (144, 145) . The Mhr1 protein binds double-and single-stranded DNAs with comparable affinities (146). Ling and Shibata found that Mhr1 promotes homologous pairing between ssDNA and a homologous dsDNA duplex in an in vitro D-loop formation assay (145) . This activity is independent of ATP. This led to the assumption that Mhr1 is an ATP-independent DNA recombinase that mediates the strand invasion mode of homologous recombination like the conventional RecA/Rad51-type recombinases (Fig. 1) . In addition to its ATPindependent characteristic, several features of Mhr1 distinguish it from the classic strand invasion-type recombination proteins. Unlike the currently known DNA recombinases, which all form oligomers and distinct helical nucleoprotein filaments on ssDNA substrates, Mhr1 is monomeric in solution (146) . There is no indication that it forms helical filaments similar to those for RecA/ Rad51. In vitro assays have shown that like the RecA/Rad51 recombinases, Mhr1 promotes the homologous pairing between single-stranded DNA and a negatively supercoiled dsDNA template (145) . In addition, Mhr1 seems to preferably use relaxed rather than supercoiled dsDNA as a substrate for homologous pairing (147) . The dsDNA was proposed to wrap Mhr1 in a righthanded manner, which results in DNA untwisting to compensate for the negative supercoils generated by the wrapping step. Interestingly, Mhr1 shares limited sequence similarity with Rad54 (148), a dsDNA-dependent helicase that regulates homologous recombination in the nucleus (92, 101) . Whether or not Mhr1 is related to Rad54 and affects recombination by fulfilling some of the Rad54-related functions is yet to be investigated. An Mhr1-related function that is unequivocally defined so far is the rollingcircle replication of mtDNA (see below), which is likely initiated after the invasion of mtDNA circles by a single-stranded 3= tail. This is in accordance with a role of Mhr1 in recombination.
RecA/Rad51 Homologs
Extensive efforts have been directed toward the identification of evolutionarily conserved proteins in mitochondria that catalyze strand invasion, a central reaction in the classic recombination mode. In an early study, the presence of an ATP-dependent RecAtype activity in human mitochondria was postulated (149) . This was based on the observation that rat liver mitochondrial extracts stimulate the recombination between double-and singlestranded DNA molecules in vitro. The DNA substrates contain two defective alleles in the kanamycin resistance (kan) gene. Recombination restores the function of kan and gives rise to kanamycin-resistant colonies after transformation into Escherichia coli. The recombination efficiency was therefore measured by scoring the frequency of kanamycin-resistant colonies. One possible caveat for such an assay is that the mitochondrial extracts may be contaminated by the nuclear and cytosolic Rad51-type recombinases. More recently, the Knight group used a stringent fractionation protocol to demonstrate that a significant fraction of Rad51 and several related proteins such as Rad51C and Xrcc3 is associated with mitochondria in carcinoma cell lines (150) . The levels of these proteins in the mitochondrial fractions are increased in response to oxidative stress. Furthermore, it was shown that cells depleted of these Rad51-type proteins are unable to maintain mtDNA copy number after DNA damage. These results would argue that mitochondria may have a homologous recombination activity similar to that of the nucleus. However, the presence of recombinational repair by the conventional strand invasion mode would also entail that other components in the pathway that are compatible with Rad51, including Rad52 and RPA, should also be present in mitochondria. No experimental data are currently available to support this. Thus, whether these proteins are actually involved in homologous recombination in human mitochondria needs to be further substantiated. Interestingly, a subsequent study by the same group has shown that the recruitment of Rad51 to mitochondria is increased in cells recovering from mtDNA depletion (151) . This finding supports the idea that Rad51 is required for sustaining mtDNA synthesis under conditions of replicative stress. It may participate in the reinitiation of mtDNA replication from stalled or collapsed replication forks. Besides immortalized cell lines, the presence of Rad51 in mitochondria of normal tissues is yet to be proved.
Several RecA-like proteins, including RecA2 and RecA3, have been unequivocally identified in plant mitochondria. These proteins are speculated to participate in mtDNA repair especially under DNA-damaging conditions (152) (153) (154) . Heterologous expression of RECA2 and RECA3 partially complements E. coli mutants defective in DNA repair. Interestingly, loss of the RecA3 function in Arabidopsis thaliana mitochondria increases rather than suppresses mtDNA rearrangements and recombination between intermediate-size repeats (154, 155) . Suppression of repeat-mediated genome rearrangements by a RecA ortholog has also been shown in the mitochondria of Physcomitrella patens (156) . The RecA orthologs in plant mitochondria seem to have acquired novel properties that, together with Msh1, reject the invading strand from the D loop and prevent crossing over at short repeats in mtDNA. This specific function directs the recombination event into a gene conversion or synthesis-dependent strand annealing mode (155) . Thus, determination of whether or not the organellar RecA orthologs promote conventional strand invasion-type recombination in plant mitochondria also awaits further experimental tests.
Mgm101
The MGM101 (for mitochondrial genome maintenance) gene was identified in 1993 (157) , but the biochemical function of the Mgm101 protein has remained largely unknown. Recent studies have revealed that Mgm101 is a Rad52-related protein of bacteriophage origin. This finding suggested the presence of a singlestrand annealing (SSA)-based recombination system for the repair of mtDNA.
Mgm101 as a Rad52-related protein essential for mtDNA maintenance. Chen et al. initially discovered the MGM101 gene in a forward genetic screen for temperature-sensitive mutations affecting mtDNA maintenance in S. cerevisiae (157) . Cells expressing the mgm101-1 ts allele lose mtDNA at the nonpermissive temperature. The MGM101 gene was cloned by complementation of the mgm101-1 ts allele for respiratory growth at 37°C and was found to encode a protein of 269 amino acids. Mgm101 is positively charged and has a predicted isoelectric point of 10.08, suggesting that it may bind to DNA. Disruption of MGM101 in the petite-negative Kluyveromyces lactis yeast is lethal because of the loss of mtDNA (158) . The Nunnari group has shown that Mgm101 is a component of mt-nucleoids (159). More importantly, mtDNA in the mgm101-2 mutant is hypersensitive to ␥ ray irradiation and oxidative damage, suggesting that it plays a role in mtDNA repair. Although MGM101 is essential for the maintenance of ϩ and most ori-devoid Ϫ genomes, the inheritance of hypersuppressive petite genomes that contain highly repeated ori sequences is not affected by the disruption of MGM101 (107) . The ori sequences contain GC-rich clusters with inverted repeats capable of forming cruciform structures. These sequences are known to be hyperrecombinogenic (41). These phenotypes underscored a possible role of Mgm101 in recombination which can be bypassed by the presence of the highly recombinogenic mtDNA sequences. A relatively mild mutant allele of Mgm101, mgm101 N150A , has been identified. Although this allele has only a moderate effect on mtDNA stability, it reduces repeat-mediated deletions in mtDNA by 8.1-fold (146) . This finding further suggests that Mgm101 may be involved in mtDNA recombination.
The mature form of Mgm101 contains 247 amino acids after proteolytic processing in the mitochondrial matrix. The biochemical function of Mgm101 has remained unknown for more than a decade since the first characterization of the MGM101 gene. Zuo et al. found that the central domain of Mgm101, which is highly conserved among Mgm101 homologs from fungal species and lower animals (Fig. 2) , shares low (17%) but recognizable sequence similarity with the N-terminal single-strand annealing (SSA) domain of the yeast Rad52 (Rad52-N-ter) (160) . The Mgm101 core is predicted to have the ␤3-␤4-␤5-␣3 fold which is characteristic of the SSA domain in Rad52 (161, 162) (Fig. 3A) . Recent studies by the Chen group have shown that several amino acids in the Mgm101 core (e.g., N150, F153, and F235), which are conserved in Rad52, are essential for mtDNA maintenance in vivo (146) . These observations lend important support for possible functional similarities between Mgm101 and Rad52.
Biochemical, functional, and structural properties. Another serious challenge in the study of Mgm101 is the insolubility of the protein when expressed in Escherichia coli, which has greatly hindered its biochemical characterization. This issue has recently been overcome by expression of Mgm101 in a maltose binding protein (MBP)-fused form, which allows the production of large quantities of the protein for biochemical studies (146, 163) . This achievement has greatly contributed to the rapid progress in the understanding of Mgm101 function. Indeed, it was found that Mgm101 shares biochemical, structural, and functional properties with Rad52-N-ter (146) . Mgm101 preferentially binds to ss-DNA over dsDNA, with K d (dissociation constant) values of 192 nM and 1.068 M, respectively. Functionally, Mgm101 catalyzes the annealing of ssDNAs, even when the ssDNA substrates are precomplexed with the mitochondrial single-stranded DNA binding protein Rim1. This is consistent with the model that free ssDNA is first bound by Rim1 to prevent the formation of secondary structure. Mgm101 then displaces Rim1 and forms nucleoprotein filaments competent for strand annealing.
Mgm101 also shares structural similarities with Rad52-related proteins. It forms oligomeric rings of ϳ14-fold symmetry with a large central channel (Fig. 3B) . The Mgm101 rings have a diameter of ϳ200 Å, as revealed by negative-stain transmission electron microscopy (146) . More importantly, all the Rad52-related proteins so far known form homo-oligomeric rings of 10-to 14-fold symmetry (161, 162, (164) (165) (166) . This finding further supports a common evolutionary origin between Mgm101 and Rad52-related proteins, despite rather limited similarities in their primary sequences. A solution structure of Mgm101 has recently been solved by small-angle X-ray scattering analysis, which confirms the ring-shaped higher-order structural organization (167) .
Structural dynamics and functional regulation. Although freshly prepared Mgm101 forms rings uniformly, the higher-order structure of Mgm101 is rather dynamic (146) . The protein forms highly compressed helical filaments with a pitch of only ϳ50 in vitro after storage at 4°C. The mechanism of filamentation is currently unknown. One possibility is that it is stimulated by slow oxidation during storage. It also is not clear whether filamentation has some functional implications in vivo or is merely a nonphysiological property in vitro. The wild-type filaments have an ssDNA binding activity comparable to that of the rings. It is important to note that when bound to ssDNA, no Mgm101 rings remain visible. Instead, Mgm101 forms highly condensed nucleoprotein complexes on the ssDNA substrate. This finding supports the idea that the Mgm101 rings or filaments are subject to conformational remodeling when exposed to ssDNA.
The higher-order structure of Mgm101 may be subject to regulation as a function of the redox state in mitochondria. Mutations in a vicinal pair of cysteines (C216 and C217) ( Fig. 2 and 3A) , which either disassemble the ring structure or induce the formation of extended polymers/filaments, drastically destabilize mtDNA in vivo (167) . These cysteine residues are proposed to be part of a molecular device that senses the redox or other types of physiological stresses (Fig. 4) . Modification of the cysteines may reconfigure the Mgm101 rings and activate its mtDNA repair activity. It was shown that the C216A C217A double mutant protein exists in a "broken-washer" instead of a closed-ring conformation (167) . This specific conformation stimulates the formation of helical filaments in vitro, in parallel with the loss of mtDNA maintenance function in vivo. On the other hand, replacement of C216 and C217 by aspartic acid leads to protein aggregation. Aggregate formation may result from excessive disassembly of the ring structure, which produces the otherwise highly unstable protomers of Mgm101. These findings further strengthen evidence for a potential role of these two cysteines in regulating the higher-order structural organization and function of Mgm101 through a redoxbased mechanism. The current model maintains that the rings/ filaments may be the storage form that concentrates Mgm101 in the mt-nucleoids (Fig. 4) . In response to stress, the ring structure is remodeled to activate ssDNA binding activity. The dsDNA breaks can therefore be rapidly repaired without de novo synthesis of Mgm101 in the cytosol and subsequent import into mitochondria. In respiring cells overexpressing an Mgm101-green fluorescent protein (GFP) fusion, up to ϳ40 to 50 bright foci can be observed (Fig. 5) . This is close to the average number of mt-nucleoids per cell. These distinct structures remarkably resemble the Rad52 foci formed in the nuclear DNA repair center under DNAdamaging conditions (168) . It remains unknown how exactly the potential regulatory cysteines are modified under stress conditions to activate the mtDNA repair function of Mgm101.
Evolutionary origin and functional implications. The Rad52-related proteins are widespread in the temperate bacteriophages (165, 169, 170) , as represented by Red␤ and Erf from the bacteriophages and P22, RecT from the prophage rac, and Sak from the lactococcal phage ul36. These proteins are probably better described as single-strand annealing proteins (SSAPs) based on their unique biochemical activity (169) . Unlike the eukaryotic Rad52, which contains a large C-terminal domain with multiple activities, including the recruitment of the Rad51 core recombinase, Mgm101 and its bacteriophage counterparts lack such a domain (Fig. 6A) . Accordingly, the SSAPs in bacteriophages catalyze (157, 159) . N150, F153, and F235 are conserved in Rad52, and their replacement by alanine affects protein folding and destabilize mtDNA (146) . Similar mutations in Rad52 affect DNA repair in the nucleus. The C216/C217 cysteine pair is speculated to sense the redox state or other types of signals in mitochondria, which regulates Mgm101 activity (167) . The K251/R252/K253 triad, Y266, and Y268 are required for ssDNA binding, and R259 is essential for the maintenance of the ring structure (179) .
recombination by the single-strand annealing mechanism independent of the bacterial RecA recombinase (171) . The higherorder structure of Mgm101 is closer to that of the bacteriophage enzymes than to that of the eukaryotic Rad52, in that they all self-assemble into macromolecular filaments and form condensed nucleoprotein complexes in the presence of ssDNA (Fig. 6B) . Thus, Mgm101 may have evolved from an ancestral protein of bacteriophage origin.
In light of the structural and biochemical similarities between Mgm101 and SSAPs in the bacteriophages, it is proposed that the mitochondrial recombination apparatus may operate in the same way as its bacteriophage counterpart. The Red␤ protein in phage initiates strand annealing by preferentially targeting on the lagging strand of a replication fork (172, 173) . By analogy, Mgm101 may well function in the same manner (Fig. 7, middle panel) . Instead of invading dsDNA duplexes like the ATP-dependent Rad51/RecA type-recombinases, the Mgm101-ssDNA nucleoprotein complexes may be directly annealed to those homologous singlestranded donor sequences, thereby mediating error-free recombinational repair of mtDNA. In addition to the lagging strand, other singled-stranded sources may also serve as templates. For instance, mitochondrial transcription can displace the nontran- scribed strand, which gives rise to abundant and long singlestranded species (174) . Likewise, the processing of RNA/DNA hybrids and the formation of cruciform structures may also expose ssDNA stretches that are targeted for homologous annealing and the initiation of recombination. Like in the bacteriophages, the recombination in mtDNA may be nonreciprocal, which produces single rather than double Holliday junctions. These recombination intermediates are finally processed by the Mgt1/Cce1 endonuclease.
Molecular and functional organization. The mechanistic details of Mgm101-catalyzed recombination are yet to be established. This is a rather challenging task because recombination may be tightly coupled to mtDNA replication (see below). Mutations affecting the recombination activity of Mgm101 would directly affect replication and result in a o state, which prevents the capture of recombination events in the mitochondrial genome. As mentioned above, the only piece of direct genetic evidence so far available for the involvement of Mgm101 in recombination is that the N150A allele of Mgm101, which has a very mild effect on mtDNA stability, has reduced repeat-mediated recombination compared with that of a wild-type control (146) .
A pertinent question is how Mgm101 interacts with other proteins in the recombination pathway, including Rim1, Mhr1, and DNA helicases (e.g., Pif1 and Hmi1). Mgm101 has a unique long N-terminal region (Fig. 6A) , which contains a 68-amino-acid domain predicted to be intrinsically unstructured or disordered.
This domain is essential for mtDNA maintenance in a speciesspecific manner. Hayward et al. generated chimeric proteins from yeast and the coral Acropora millepora by swapping the N-terminal disordered domain and the central SSA core (175) . It was found that the core domain of A. millepora Mgm101 can functionally replace the yeast sequences, but the N-terminal disordered domain of the coral protein cannot substitute for its yeast counterpart for mtDNA maintenance. It is speculated that the N-terminal disordered domain of Mgm101 is the interaction target of a specific mt-nucleoid protein in yeast which is not recognized by the corresponding domain in A. millepora Mgm101. The N-terminal disordered domain seems to direct the protein into the mt-nucleoids, possibly through association with another mt-nucleoid protein. It would be predicted that additional protein-protein interactions may be important for modulating the strand-annealing reaction catalyzed by the SSA core domain.
Another important question is how Mgm101 initiates interaction with ssDNA and promotes strand annealing. In the case of the eukaryotic Rad52, it is proposed that ssDNA binds to a central groove along the surface of the ring formed by the SSA core (162) . Homology search is achieved through successive interactions between two separate ssDNA-wrapped rings until the formation of a stable duplex occurs (176, 177) . Indeed, mutations in the presumptive central binding groove affect ssDNA binding activity (161, 178) . Surprisingly, the Chen group has recently found that the major ssDNA binding activity in Mgm101 resides in a 32- amino-acid carboxyl-terminal tail instead of the central SSA core (179) . The C-terminal tail is not conserved as well as the core SSA domain among the closely related Mgm101 homologs (Fig. 2) , but several conserved amino acids have been identified to play roles in ssDNA binding. The data supported the model that the positively charged 251-KRK-253 triad in the C-terminal tail may initiate the contact with the phosphate backbone of ssDNA by electrostatic interactions. The highly conserved 266-YPY-268 motif at the extreme end of the protein may stabilize the interactions by base stacking. These interactions could disrupt the ring structure maintained by salt bridges involving Arg259. This may facilitate the deployment of additional subunits in the ring for interactions with ssDNA. As the C-terminal tail is conserved in Mgm101 homologs that function in mitochondria but not in the nuclear Rad52 or bacteriophage SSAPs, it is possible that it may have arisen from convergent evolution as a successful adaptation to catalyze recombination and DNA repair in the specific genetic setting of mitochondria.
In addition to ssDNA binding, the C-terminal tail is also required for the stabilization of the Mgm101 rings in vitro and for protein stability in vivo (179) . Mutant proteins unable to maintain the ring structure in vitro are degraded in vivo. The degradation of unassembled Mgm101 monomers may be necessary for the formation of ring-based mtDNA repair centers in the mt-nucleoids.
Mgm101 homologs. Several Mgm101 homologs have been functionally characterized. Like in yeast, mitochondria in Arabidopsis thaliana also express a short version of a Rad52-related protein similar to Mgm101, known as Rad52-1B (Fig. 6A) (180) . Gualberto and coworkers independently identified Rad52-1B as ODB1 (organellar DNA binding protein 1) based on its DNA binding activity. Rad52-1B/ODB1 shares similar properties with Mgm101, including its preferential binding to ssDNA and the ability to promote single-strand annealing (181) . More interestingly, these investigators also found that under genotoxic stress, the recombination in mtDNA repeats is significantly reduced in odb1 mutant plants, reminiscent of the phenotype observed with After the resection of a dsDNA end by a 5=-3= exonuclease, SSB is bound to the exposed ssDNA to prevent the formation of secondary structures. SSB is then displaced by an SSAP like Mgm101. The SSAP/ssDNA nucleoprotein filaments initiate recombination by annealing to homologous single-stranded DNA on the lagging strand of a replication fork, like the Red␤ protein in the phage (172, 173) . The Mgt1/Cce1 endonuclease may process the recombination junction before the loading of the mtDNA replisome. However, recombinational errors may occasionally occur, either by a classic single-strand annealing between intramolecularly repeated sequences, which generates unrepairable mtDNA deletions (right panel), or by homeologous annealing to a nonhomologous lagging strand, which causes mtDNA deletions and rearrangements (left panel). The mismatch repair protein Msh1 may play a role in recombination editing by rejecting homeologous annealing. In young cells, mtDNA recombination is kept at a very low level to clear the rarely arising DSBs. In aged cells, mtDNA recombination increases as a result of oxidative stress and elevated mtDNA damage. This may inevitably increase erroneous recombinational events, which leads to the time-dependent accumulation of unfixable deleted and rearranged mtDNAs. the N150A allele of MGM101 (146) . In contrast, microhomologymediated recombination is increased in the absence of ODB1. This suggests a critical role of the protein in effective repair of double-strand breaks. A defect in such a function directs the repair to the microhomology-mediated recombination mechanism. Plants lacking both ODB1 and RecA3 seem to be nonviable. This would support the idea that ODB1 and RecA3 may operate in separate but functionally redundant mtDNA repair pathways. Based on the molecular organization of Rad52-1B/ODB1, which lacks an apparent RecA binding domain as in Rad52, it would be predicted that it may function in a RecA-independent manner like Mgm101 and its bacteriophage counterparts.
The Sasaki group identified the Mgm101 homolog Glom2 in Physarum polycephalum (182) . Glom2 has a core domain highly homologous to that of Mgm101, but it also has a 218-amino-acid long C-terminal domain containing three polyproline tracts. The exact function of the long C-terminal domain is unknown. It would be interesting to know whether or not it interacts with a RecA-type protein, if such a conventional recombinase exists in Physarum mitochondria. Downregulation of Glom2 does not have an obvious effect on mtDNA maintenance. When combined with the loss of the Abf2 homolog Glom, the downregulation of Glom2 further reduces the size of mt-nucleoids and mtDNA copy number. A potential role of Glom2 in mtDNA recombination and repair remains to be investigated.
OTHER FACTORS AFFECTING mtDNA RECOMBINATION
In addition to a potential difference in the basic machineries for HR, several additional factors have been proposed to account for the wide variation of recombination frequencies in different cell types and species. For instance, nucleoid organization, mitochondrial dynamics, mtDNA content, and mitochondrial density may all affect recombination. In cultured human cells, the nucleoidal organization is highly autonomous (183, 184) . Schon and coworkers fused two cell lines which were homoplasmic for deletions in two nonoverlapping regions affecting protein synthesis. It was found that the two mtDNAs can transcomplement defects in protein synthesis but remain in independent nucleoids without stable intermixing. Human mitochondria in most cell lines are rather fragmented, and each nucleoid contains three or fewer copies of the 16.5-kb mtDNA (33) (34) (35) . The high autonomy of nucleoids and low mtDNA content may set physical barriers for interand intranucleoidal recombinations, respectively. In contrast, the mtDNA copy number in the myocardium is ϳ1.9-to 3.8-and ϳ10-fold higher than those in skeletal muscle and epithelial cells, respectively (185) (186) (187) . Data on the exact copy number of mtDNA in each nucleoid and mitochondrion in these tissues are currently unavailable. It would be predicted that the high mtDNA content, together with a highly oxidative environment, may contribute to the high levels of recombination in human heart mtDNA (see above). Likewise, the relatively high frequency of recombination in yeast mtDNA may also be partially explained by differences in genome size, nucleoid organization, and mitochondrial dynamics. The yeast mitochondrial genome is 4.5 times larger than human mtDNA. Under normal growth conditions on glucose medium, which was used for most recombination assays, yeast cells develop an elongated mitochondrial reticulum that contains multiple giant nucleoids, with each harboring up to 20 copies of mtDNA (188) . These conditions may facilitate both intranucleoidal recombination and internucleoidal exchanges.
LINKING mtDNA RECOMBINATION, REPAIR, AND REPLICATION
DSBs are the most detrimental damage to any genome. It is now increasingly appreciated that HR may have evolved as a molecular strategy for the repair of DSBs. For a long time, the importance of recombination between homologous mtDNA molecules in the mostly homoplasmic cells has been undervalued. As DSBs arise as rare events in most cell types under physiological conditions, mtDNA recombination should be expected to be low. It is now argued that a low level of recombination may be sufficient for mutational clearance in mtDNA. Evolutionarily, maintaining homologous recombination at a low level is necessary to protect mtDNA against invasion of selfish elements (189, 190) . A direct link between DNA recombination and repair has been supported by the observations that the recombination proteins Mgm101 and Mhr1 are both required for the maintenance of the mitochondrial genome when yeast cells are exposed to DNA-damaging conditions (146, 159, 191) . Consistent with this idea, mtDNA-carried genes from mammals accumulate more mutations than those in yeast (192) . A low recombination activity of mammalian mitochondria may account for the lower rate of mutation correction than in yeast, in which recombination is high.
The implications of homologous recombination could be beyond mtDNA repair. Early studies showed that immediately following the inactivation of MGM101, the mtDNA copy number is halved by every cell division in yeast (107) . This severe phenotype led to the assumption that Mgm101 might be involved in mtDNA replication, possibly by generating recombination intermediates with free 3= ends that are used for priming replication. This mode of replication initiation may be followed by a rolling-circle mechanism initially proposed by the Clark-Walker group (193) . In fact, recombination-based replication has been proposed as an alternative mechanism for mtDNA synthesis in several organisms (55, 194, 195) . The recombination-based mtDNA replication model has recently gained strong support from studies suggesting that the replicative forks in Candida albicans mtDNA are generated from recombination intermediates (196) . The presence of recombination-based replication in human heart and brain (87) and in plant mitochondria (197) (198) (199) has also been proposed. The physiological impact of this specific mechanism vis-à-vis the conventional RNA-primed replication mode is yet to be substantiated.
Ling and Shibata have provided some key evidence for the involvement of the Mhr1 protein in the initiation of the rollingcircle replication of yeast mtDNA (145) . Rolling-circle replication generates mtDNA concatemers. Mutation in MHR1 reduces concatemer formation, which subsequently affects the partitioning of newly synthesized mtDNA into the buds and delays the establishment of mtDNA homoplasmy in the daughter cells (200, 201) . Mhr1 is also required for the replicative advantage of the ori5 hypersuppressive Ϫ genome, which has apparently frequent double-strand breaks (202) , consistent with its role in recombinational repair of mtDNA. It was initially proposed that Mhr1 may have a Rad52-type activity like Red␤ in the phage . Red␤ is known to initiate rolling-circle replication by annealing the Red␤-ssDNA filaments preferentially on the lagging strand of a replication fork, followed by template switch and DNA synthesis (172, 173, 203) . The recent finding of Mgm101 as a Rad52-type protein raises the possibility that Mgm101 may fulfill such a role, in a manner dependent on or independent of Mhr1 (146, 167) . ⌻he Nunnari laboratory has shown that Mgm101 is preferentially associated with actively replicating mtDNA nucleoids in vivo, and that Mgm101 coimmunoprecipitates with the mitochondrial DNA polymerase Mip1 (204) . Thus, Mgm101 may directly recruit the mtDNA replisome following the strand-annealing reaction. Future studies are required to support a role of Mgm101 in initiating the strand-annealing reaction prior to the rolling-circle replication. It is important to note that mhr1 and mgm101 mutants share similar phenotypes: both genes are essential for the stability of ϩ but not the highly recombinogenic Ϫ genomes (107, 144) . The loss of Mhr1 has a less severe effect on the maintenance of the N1 Ϫ genome than the disruption of MGM101 (107) . These two proteins likely function in the same pathway in initiating recombination-based mtDNA replication. Mhr1 does not stimulate the single-strand annealing activity of Mgm101, and Mgm101 has little effect on the D-loop formation activity of Mhr1 in vitro (our unpublished observation). How these two proteins cooperate in initiating recombination-based mtDNA repair and replication is a pressing issue in the field.
HOMOLOGOUS VERSUS HOMEOLOGOUS RECOMBINATION: IMPLICATIONS FOR mtDNA DELETION/REARRANGEMENT
No biological system is perfect. A controlled recombination activity benefits mtDNA repair, but hyperrecombination could be detrimental for mitochondrial genome stability. Extensive mtDNA deletions in dopaminergic neurons from aged individuals and those suffering from Parkinson's disease have been reported (26, 27) . Krishnan et al. proposed that these deletions arise by a mechanism resembling the classic SSA (30) (Fig. 7, right panel) . After symmetrical resection of dsDNA ends by a 5=-3= exonuclease, repeated sequences exposed on the other strands misanneal. The removal of the unpaired tails by exonucleases followed by gap filling and ligation generates intramolecular deletions in mtDNA. The Rad52-related SSAPs are well known for their activity in promoting single-strand annealing (205) (206) (207) , which generates deletions of genomic sequences between directly repeated regions.
In light of its functional similarity to SSAPs, Mgm101 may be involved in single-strand annealing and mtDNA deletion. However, this operation mode would require an extensive resection of dsDNA ends in order to expose the homologous sequences. This could become a limiting factor when the homologous sequences are separated by large intervening regions. Alternatively, it is possible that homeologous recombination, which occurs between mismatched sequences, may play a major role in generating mtDNA deletions/rearrangements (Fig. 7, left panel) . It has been well recognized that the SSAPs catalyze recombination between related but diverged DNA sequences. For example, a sequence divergence of 4% between the target genes has little effect on the recombination catalyzed by the Red␤ protein in phage (208) . This is in sharp contrast to recombination in the E. coli chromosome catalyzed by RecA, in which a 4% divergence reduces recombination by 270-fold (209) . Red␤ can tolerate a sequence divergence in the recombination target genes of as high as 22%, although the recombination efficiency is reduced by ϳ100-fold. Interestingly, detailed analysis of human mtDNA suggested that deletions most likely happen between imperfectly matched DNA sequences that are capable of forming long and stable duplexes (210) . Homeologous recombination is the simplest way to promote these events.
To what extent can Mgm101 tolerate sequence divergence in the recombination targets and how homeologous recombination is controlled remain to be determined. The annealing of mismatched single-stranded DNA by the bacteriophage Red␤ is suppressed by the host mismatch repair system (211) . It may be expected that its counterpart in mitochondria, Msh1, could also play a role in the suppression of homeologous recombination. This may explain the dramatic hyperrecombinogenic phenotype associated with mutations in MSH1 and the rapid disintegration of mtDNA in an msh1 null mutant (130) . In plant mitochondria, loss of Msh1 function leads to DNA exchange between sequences sharing only 85% identity (212) . The barrier for preventing homeologous recombination in mtDNA seems to be naturally low in some animal species. In sea mussels, recombination between maternal and paternal mtDNA regions in the obligatorily heteroplasmic males that are diverged by 20% can be readily detected (213) .
mtDNA RECOMBINATION IN AGING
Recombination errors, introduced by either homeologous recombination or SSA, could have important implications for mtDNA integrity in aging cells. Aging seems to increase mtDNA recombination, concomitant with increased mtDNA deletions/rearrangements. This has been shown by experiments carried out in Podospora anserina (214) . Mitochondria in this filamentous ascomycete are inherited in a strictly uniparental manner (215, 216) . However, heteroplasmons may be formed in the contact zone of heterokaryon incompatible strains, in which leakage of paternal mitochondria into the maternal mycelium occurs after transient hyphal fusion. This property provided a unique opportunity for examining the frequency of mtDNA recombination in the heteroplasmons derived from cells at different time points in their life spans. In reciprocal confrontational crosses between strains harboring different mtDNA markers, van Diepeningen et al. demonstrated that the levels of recombinant mtDNA remain low in crosses involving young maternal mycelium. Juvenile strains have little to no recombination in mtDNA. The recombination rate only increases marginally over the first 3/4 of the life span. Remarkably, in crosses generated from the maternal mycelium in the last 1/4 of its life span, the percentage of offspring with recombined mtDNA increases to nearly 50% (214) . These observations strongly suggest that mtDNA becomes hyperrecombinogenic in aged cells. The senescence of Podospora is associated with the accumulation of various classes of mtDNA derivatives which can be both circularly and tandemly arranged, with or without coding function. Some of these mtDNA species are thought to contribute to cellular senescence (217) . These "senescent" mtDNA molecules result from intramolecular recombination between short direct repeats (218) . This raises the possibility that the hyperrecombinogenic state in aged cells may become a significant source of mtDNA instability. In young cells, because both DNA damage and recombination activity are low, mtDNA deletions also remain low. In contrast, the high mtDNA recombination activity in aged cells may result in the increased incidence of recombinational errors, which overwhelms the cell's capacity to clear damaged mitochondria by processes such as mitophagy. The mechanism of mtDNA recombination in Podospora and exactly how this activity is elevated in aged cells are unknown. It is possible that the recombinase is directly activated by reactive oxygen species. A closely related Mgm101 homolog is present in Podospora anserine (our unpublished observation), and its role in mtDNA recombination is yet to be established. Genetic runaway may occur. Mitochondrial dysfunction in aged cells increases the production of reactive oxygen species (ROS), which activates the Mgm101-based recombination mechanism. Hyperactive recombination increases the overall recombination errors and mtDNA deletions, which further damages mitochondria and increases ROS production (Fig. 8) .
Age-dependent increases in mtDNA recombination in other organisms have yet to be explored. Replicatively aged yeast cells have destabilized mtDNA (219, 220) ; however, it is unknown whether or not mtDNA disintegration is caused by hyperrecombination. Interestingly, four-way junctions in human heart mtDNA are not detected in newborns. They are acquired during early childhood concomitant with increased mtDNA copy number (221) . This has been interpreted as a cellular adaptive process that responds to increased energy demand, ROS production, and double-strand DNA breaks (222) . In humans, a common deletion in mtDNA is the 4,977-bp deletion which occurs between two 13-bp direct repeats. This deletion likely results from a recombination-excision mechanism and is increased in an age-dependent manner, with a correlation coefficient of 0.82 in specific tissues such as the anterior wall of the left ventricle in the heart (23) . Extensive large-scale mtDNA deletions have been reported in neuronal cells during aging (26) . It remains unknown whether this results from hyperrecombination.
CONCLUSION AND PERSPECTIVES
Accumulating evidence indicates that mtDNA recombination occurs not only in the traditionally studied yeast and lower animals that have biparental inheritance but also in fungal and animal species with uniparental inheritance and even in specific human tissues, including the heart and brain. Although controversy persists, increasing evidence suggests that mtDNA recombination is more widespread than was previously thought. In animals with homoplasmic mtDNA, recombinant products are indistinguishable from their progenitor molecules. Unequivocally capturing the actual mtDNA recombination events in most cell types is still a challenge in the field. Next-generation sequencing technology is already showing its power in detecting rare alleles and subgenomes of mtDNA (212, 223, 224) . These technologies would be expected to detect possible recombinations between the newly arising rare mutations. This may also help to answer the question regarding the universality of mtDNA recombination across different biota (225) .
Despite the fact that mtDNA recombination has been reported for over 4 decades, the study of the underlying molecular machinery has just made its debut. The field of mtDNA recombination is gaining strong momentum following the recent discovery of a bacteriophage-type SSAP in mitochondria as defined by Mgm101. Understanding the functional relationship between Mgm101 and other components in the mtDNA recombination pathway, particularly Mhr1, will be critical for advancing this field. In the coming years, a critical question to be addressed is whether human mitochondria express a similar mtDNA recombination system, instead of using a canonical recombination pathway involving a RecA/ Rad51-type recombinase. Human mitochondria also harbor SSA activity conferred by proteins ostensibly unrelated to SSAPs (e.g., the Twinkle helicase [226] ). Close orthologs of Mgm101 have been identified in lower animals (e.g., Nematostella vectensis) using current bioinformatic tools. However, the presence of a distantly related SSAP in higher animals cannot be completely ruled out. The SSAPs are often conserved at the structural level but not in their primary sequences. For instance, Mgm101 shares structural and functional similarities with the SSAPs in bacteriophages such as Red␤, Erf, and Sak, but sequence similarity between these proteins is hardly recognizable. Nonetheless, mitochondria and bacteriophages seem to share more molecular machineries than previously thought. Both the mitochondrial DNA and RNA polymerases are phylogenetically originated from the T-odd lineage of bacteriophages instead of alphaproteobacteria, the ancestor of mitochondria (227) . The experimental data now also show that mitochondria and bacteriophages share similar molecular mechanisms for mtDNA recombination and repair. It is possible that these enzymes were acquired together from an infecting phage at the onset of endosymbiosis. Future studies should be focused on understanding how the processes of recombination, repair, and replication are interlinked and coordinated in mitochondria, which is a salient feature of DNA metabolism in bacteriophages (228) .
